Objective: To evaluate the functional requirement of signal transducer and activator of transcription-3 (STAT-3) in cardiac myocyte tolerance to ischemia (I) and in classical preconditioning. Methods: Cardiac myocyte STAT-3 was depleted in mice using Cre-lox p technology. Isolated cardiomyocytes from wild-type (WT) and STAT-3-deficient mice were evaluated for viability following simulated ischemia (SI; 26 h). Cardiomyocytes were then preconditioned by exposure to transient simulated ischemia or via the administration of preconditioning mimetics (100 AM adenosine, 100 AM diazoxide and 0.5 ng ml À1 TNFa, individually and in combination) prior to index ischemia. To evaluate the effect of cardiac myocyte depletion of STAT-3 in the context of the intact heart, these experiments were performed in isolated perfused Langendorff heart preparations which were exposed to an index insult of 30-min global ischemia and 45-min reperfusion. Ischemic preconditioning was achieved by subjecting the hearts to four cycles of 5-min ischemia followed by 5-min reperfusion prior to index ischemia. Infarct size was measured following reperfusion. Results: Cell viability was diminished equally in wild-type and STAT-3-depleted cardiomyocytes. In contrast, ischemic and pharmacological preconditioning protected wild-type cardiomyocytes but not STAT-3-deficient cardiomyocytes. These results were mirrored in the intact heart. Conclusion: The depletion of functional STAT-3 does not modulate tolerance to ischemic injury in cardiomyocytes. This signaling molecule, however, is crucial for the ischemic and all the tested pharmacological preconditioning programs.
Introduction
Signal transducer and activator of transcription (STAT) proteins are a family of regulatory proteins involved in the transduction pathways of multiple ligands and are a part of the Janus-activated kinase-STAT (JAK-STAT) pathway. This stress-responsive pathway transduces cellular signals from the plasma membrane to the nucleus, resulting in the regulation of gene expression. The JAK-STAT pathway has been shown to play a role in multiple processes within the heart [1, 2] including hypertrophy [3, 4] , apoptosis [5, 6] , angiotensin signaling [4, 7] , ischemia-reperfusion (I/R) injury [8] [9] [10] [11] [12] [13] [14] and preconditioning [10] . Directly opposing effects of STAT-1 and STAT-3 are implicated in modulating cardiac tolerance to ischemia (I). THUS, STAT-1 promotes apoptosis in response to ischemia [2] , whereas STAT-3 participates in cardiac preconditioning to promote cardioprotection against subsequent ischemiareperfusion injury (reviewed by Bolli et al. [10] ). To establish the requirement of STAT-3 in orchestrating preconditioning-mediated cell survival, we have created a cardiomyocyte-specific STAT-3 knockout mouse and utilized isolated adult cardiomyocytes and the intact heart to investigate the role played by STAT-3 in classical preconditioning.
Materials and methods
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication No. 85 (23), revised 1996), and all procedures were approved by the Faculty of Health Sciences Animal Ethics Committee, University of Cape Town.
Cardiomyocyte STAT-3-deficient mice
STAT-3-deficient mice (STAT-3 KO) were created by crossing homozygous floxed STAT-3 mice [15] with heterozygous MLC2V-driven Cre-recombinase mice [16] . Genomic DNA was extracted as previously described [17] and the presence of the floxed STAT-3 and MLC2V Crerecombinase confirmed by PCR analysis using the following primers: Cre-1 5V -GTTCGCAAGAACCTGATGGACA-3V ; Cre-2 5V -CTAGAGCCTGTTTTGCACGTTC-3V; STAT-3-A 5V-CCTGAAGACCAAGTTCATCTGTGTGAC-3V ; STAT-3-B 5V -CACACAAGCCATCAAACTCTGGTCTCC-3V [15, 18] . Mice homozygous for floxed STAT-3 and heterozygous for Cre-recombinase were used as the STAT-3 KO animals, and mice homozygous for floxed STAT-3 and homozygous-null for Cre-recombinase were used as littermate wild-type controls (WT). Reduction of STAT-3 was determined by SDS-PAGE and Western blot analysis of protein form cardiac myocytes, using a STAT3 antibody (Santa Cruz Biotechnology, Santa Cruz, USA).
Cardiomyocyte isolation
Cardiomyocytes were isolated using the modified method of Zhou et al. [19] . In brief, 10-week-old male STAT-3 KO and WT mice were anesthetized [pentobarbitone sodium, 60 mg kg À1 intraperitoneally (i.p.)] and heparinized (25 IU i.p.). Hearts were removed and perfused (at 37 8C) through an aortic cannula with a calcium-free HEPES-buffered solution (buffer 1, pH 7.4, composition: 116 mM NaCl, 17.4 mM HEPES, 0.87 mM NaH 2 PO 4 , 5.6 mM glucose, 5.4 mM KCl, 0.41 mM MgSO 4 , 0.025 mM EGTA and 0.1% BSA) for 10 min. Hearts were then perfused with buffer 1 plus collagenase (0.14 mg ml À1 , CLS II, Worthington Biochemicals, New Jersey, USA) and CaCl 2 (25 AM) , and the heart perfused in a recirculating manner for a 30 min, after which hearts were perfused with buffer 1 supplemented with 25 AM CaCl 2 for 10 min, removed from the cannula and the tissue dispersed by agitation at 37 8C for 10 min in restoration buffer (buffer 1 plus 10 mM Na pyruvate, 10 mM EGTA, 1.63 mM carnitine, 5 mM taurine, 5 mM creatine and 0.1 mM CaCl 2 and 1% BSA, pH7.4). Calcium was increased in an incremental manner to achieve a final concentration of 1.25 mM over a period of 12 min. The resulting suspension was filtered though a sterile nylon mesh (40-Am mesh size), spun (300Âg, 5 min) and the resulting pellet of cardiomyocytes was resuspended in serum-free KSLMS media (Highveld Biologicals, Johannesburg, South Africa). Myocytes from three hearts were pooled and seeded at a density of 10 000 cells/cm 2 in KSLMS. Cells were cultured for 12-24 h at 37 8C in a humidified 5% CO 2 atmosphere prior to experimentation.
Protein isolation and western blot analysis
Proteins were extracted from isolated cardiac myocytes and quantitated as previously described [17] , resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and transferred to PVDF membranes by electrophoretic transfer. Immunoblotting analysis was carried out using a STAT3 antibody (Santa Cruz Biotech, CA, USA) and immunocomplexes were visualized with the appropriate horseradish peroxidase-conjugated immunoglobulin G (Santa Cruz Biotech, CA, USA) and chemiluminescent reagents (Amersham Pharmacia Biotech, Amersham, UK). A commercially available positive control for STAT-3 (STAT-3+ve) was included (interferon-a-treated He-La cell extract, Cell Signalling Technology, MA, USA).
Simulated ischemia in isolated cardiomyocytes
Isolated cardiomyocytes were exposed to simulated ischemia (SI) in a modified Esumi buffer [20] containing: 118 mM NaCl, 3.58 mM KCl, 0.46 mM MgCl 2 , 0.9 mM CaCl 2 , 4 mM HEPES and 20 mM 2-deoxy-d-glucose (2-DG) 20, pH 6.2 for a period of up to 26 h, at 37 8C, in a humidified environment containing 1% O 2 , 5% CO 2 and balance N 2 . Normoxic myocytes were maintained in KSLMS media, pH 7.4, in a humidified environment containing 20% O 2 , 5%CO 2 and balance N 2 .
Ischemic preconditioning in isolated cardiomyocytes
Ischemic preconditioning was carried out by exposing the cells to 1% O 2 in Esumi buffer without 2-DG at pH 6.4 for 30 min, followed by incubation in normoxic KSLMS for 1 h prior to the index SI.
Pharmacological preconditioning in isolated cardiomyocytes
Preconditioning with the pharmacological agents used (0.5 ng ml À1 TNFa, 100 AM adenosine and 100 AM diazoxide) was achieved by adding the agent to KSLMS media for 30 min under normoxic conditions, followed by a 60-min washout (with KSLMS) prior to index SI.
Measurement of cell viability
Cardiomyocyte viability was measured at the end of the index-simulated ischemia using trypan blue exclusion and morphology [19, 21] by a researcher blinded to the groups. Results are expressed as percentage (%) viable cells.
Mouse isolated heart perfusion protocol
STAT-3 KO and WT hearts from 10-week-old male mice were isolated and perfused as described previously [17] . Following 20 min of stabilization, hearts were exposed to one of three protocols, control (Con), ischemia (I) or IPC plus I. Hearts were reperfused for 45 min following ischemia after which infarct size was assessed by using triphenyl tetrazolium chloride (TTC) staining as described previously [17, 22, 23] . Infarct size was assessed using computerized planimetry (Planimetry+, Boreal Software, Norway) by a researcher blinded to the groups.
Statistical analysis
Results are expressed as mean valuesFstandard error of the mean (S.E.M.) and were analyzed by one-way ANOVA with Dunn's posttest, using GraphPad InStat version 3.01 (GraphPad Software, San Diego, California, USA). Differences were considered statistically significant at values of p<0.05.
Results
Compatible with the conditional genetic depletion of STAT-3, the steady-state STAT-3 protein levels are markedly reduced in the STAT3-KO cardiomyocytes versus wild-type controls (Fig. 1) .
Cardiomyocytes isolated from both STAT-3 KO and WT animals were cultured for 12-24 h before entry into one of the experimental protocols. Cell viability was similar in both the WT and STAT-3 KO myocytes (93.1F1.7% vs. 93.7F1.8%, nz8). Exposure to increasing times of index ischaemia (10-26 h of SI) resulted in a parallel and equivalent degree of cell death in WT and STAT3-KO myocytes (data not shown). To optimize the capacity to evaluate preconditioning-mediated cytoprotection, the maximal tissue damage present at 26 h was used as the index insult in subsequent experiments. Exposure to the 26-h index ischemic insult elucidated a significant and parallel reduction in viability in the WT myocytes (7.0F1.5%, p<0.001 vs. WT normoxic, n=8) and the STAT-3 KO myocytes (3.5F1.3%, p<0.001, n=10; Fig. 2) . Following IPC and the index ischemic insult 87.7F2.0% of WT, cardiomyocytes were viable ( p<0.01, nz7 vs. WT index ischemia), but IPC failed to augment ischemia-tolerance in STAT-3 KO cardiomyocytes (viability remained unchanged at 8.0F1.6% vs. 3.5F1.3%, p=ns, n=10; Fig. 2) . To investigate known preconditioning signal transduction pathways, we utilized three pharmacological agents known to afford protection. Adenosine, TNFa and diazoxide afforded protection to the WT cardiomyocytes (viability increased to 88.0F2.6%, 88.0F3.8% and 89.5F2.9%, respectively, p<0.01 vs. WT SI, nz6). However, these agents failed to protect the STAT-3 KO cardiomyocytes (viability remained unchanged at 10.0F1.7%, 8.9F2.6% and 7.5F1.9%, respectively, p=ns vs. STAT-3 KO SI, nz6; Fig. 3) .
Similarly, the cocktail of agents (adenosine, diazoxide and TNFa) protected the WT cardiomyocytes (viability increased to 83.6F1.1%, p<0.05 vs. WT SI, nz5), but failed to protect the STAT-3 KO cells (viability of 16.3F0.8%, p=ns vs. STAT-3 KO SI, nz4; see Fig. 3 ).
To establish whether noncardiomyocyte heart cells could compensate or rescue the STAT-3 depleted cardiomyocytes, similar studies were performed in the intact heart. Infarct size was similar between the WT and STAT-3 KO hearts following ischemia-reperfusion (28.8F2.3% for the WT vs. 32.9F3.4% for the STAT-3 KO, nz8, p=ns; p<0.001 vs. respective non ischemia-reperfusion controls). IPC reduced infarct size following ischemia reperfusion in the WT hearts, whereas in the STAT-3 KO hearts, the infarct size remained unchanged (13.4F3.1% vs. 36.2F6.3%, respectively, p< 0.01 vs. IPC, nN5; see Fig. 4 ).
Discussion
The major finding of this study is that genetic depletion of STAT-3 in cardiomyocytes abolishes the capacity to activate classical ischemic preconditioning. In addition, pharmacological preconditioning using adenosine, the putative direct mK ATP channel activator diazoxide, and the innate immune modulator-TNFa, were unable to rescue the cytoprotective phenotype in isolated cardiomyocytes. Moreover, paracrine effects from noncardiomyocyte cells within the intact heart are unable to rescue the preconditioned phenotype in the STAT-3 KO cardiomyocytes. Taken together, these data strongly suggest that STAT-3 signaling is both necessary and required for the classical ischemic preconditioning cell survival program.
The activation of STAT-3 has been described as an important event in prosurvival signaling [24, 25] . STAT-3 is activated by Janus-activated kinase (JAK), and this JAK-STAT pathway is an important membrane-to-nucleus signaling pathway, in which phosphorylation of JAK follows an ischemic/oxidative stress [13, 26] , leading to tyrosine phosphorylation and dimerization of monomeric STAT-3 [12] , translocation to the nucleus and binding to promoter regions of DNA and regulation of gene expression [27] . In this study, we attenuated the capacity for STAT-3 activation by Cre-recombinase-mediated ablation of exon 21 of the STAT-3 gene, thereby removing a prerequisite tyrosine residue required for activation of STAT-3 [15] .
The inability to activate the inherent cytoprotective program by either ischemic preconditioning or pharmacological preconditioning in these STAT-3-deficient cardiomyocytes raises several interesting possibilities. The first is that STAT-3 may be acting as a signaling molecule and activating other signaling pathways within the cell or interacting with other organelles besides the nucleus. The interaction of STAT with other signal transduction pathways is incompletely explored, although there is an interaction of STAT and mitogen-activated protein (MAP) kinase signaling [28] . The second possible function is that STAT-3 may be acting as a distal final common mediator of preconditioningmediated cell survival signaling. The third possibility is that cardiomyocytes lacking functional STAT-3 are deficient in one or more STAT-3 regulated proteins which may play obligatory roles in preconditioning. Multiple regulatory processes may be involved. In brief, STAT-3 has been shown to be involved in the regulation of carbohydrate metabolism [29] and the lack of functional STAT-3 may lead to perturbations in metabolism within these cells that prevents the metabolic adaptations associated with preconditioning [30] . Moreover, STAT-3 activates proteins involved in regulating apoptosis including Bcl-2 and Bax [11] . Here, lack of STAT-3 may alter the balance of anti-versus proapoptotic signaling within cardiomyocytes. Finally, STAT-3 signaling modulates the regulation of the antioxidant defense system via the upregulation of manganese superoxide dismutase [14] and attenuation of antioxidant defenses abolishes the preconditioning program [31] .
As STAT-3 is considered to act in large part, via transcriptional regulatory control, it is intriguing that the genetic depletion of this regulatory protein can nullify the classical preconditioning program that is thought to be predominantly orchestrated via posttranslational events. In data not shown, a posttranslational role for STAT-3 may be suggested, in that the wild-type cardiomyocytes (using our cardiomyocyte-preconditioning program) retain their cytoprotective program in the presence of cycloheximide (10 AM, data not shown). A transcriptional requirement for STAT-3 in delayed preconditioning has been previously demonstrated [32] and confirmed by ourselves, in that when cardiomyocytes were exposed to the IPC 'trigger' on day one with the index insult the following day (delayed preconditioning), the genetic depletion of STAT-3 again nullified the preconditioning phenotype (data not shown).
It is interesting to note that multiple other organs can be preconditioned including liver [33] , kidney [34] and brain [35] . Other cell types that are present in the intact heart including epithelial cells [36] , endothelial cells [37] , vascular smooth muscle cells [38] and fibroblasts [39] also have the capacity to be preconditioned. Hence, as cardiomyocytes comprise only about 30% of the cell number and approximately 75% of the volume [40] , and as preconditioning triggers applied to remote organs can also precondition the heart [41] , we determined if the extracardiomyocyte components of the heart could rescue the preconditioning phenotype in the intact heart. The inability to protect the myocardium in the presence of all the cell types found in the heart suggests that STAT-3 in the cardiomyocytes is necessary and is required to induce this protective phenotype on the heart.
In conclusion, using functional genomic depletion studies, we have shown that STAT-3 is crucial for classical preconditioning in cardiomyocytes. Furthermore, the loss of STAT-3 in cardiomyocytes cannot be compensated for by the noncardiomyocyte cellular components of the intact heart. Exactly why STAT-3 and its putative target genes are crucial for the preconditioning program remains to be elucidated.
